Abstract Macrophages, a key cell in the inflammatory cascade, have been associated with poor prognosis in cancers, including breast cancer. In this study, we investigated the relationship of a subset of macrophages-proliferating macrophages (promacs)-with clinicopathologic characteristics of breast cancer, including tumor size, grade, stage, lymph node metastases, hormone receptor status, subtype, as well as early recurrence, and survival. This study included a discovery and validation set that was conducted at two institutions and laboratories (University of California, San Francisco and University of Chicago) using two independent cohorts of patients with breast cancer. Formalin-fixed, paraffin-embedded sections and/or tissue microarrays were double-stained with anti-CD68 (a macrophage marker) and anti-PCNA (a proliferation marker) antibodies. The presence of intratumoral promacs was significantly correlated with high grade, hormone receptor negative tumors, and a basal-like subtype. In contrast, there was no correlation between promacs and tumor size, stage, or the number of the involved lymph nodes. These findings were consistent between the two study cohorts. Finally, promac numbers were a significant predictor of recurrence and survival. In the pooled analysis, elevated promac levels were associated with a 77% increased risk of dying (P = 0.015). The presence of promacs in human breast cancer may serve as a prognostic indicator for poor outcomes and early recurrence and serve as a potential cellular target for novel therapeutic interventions.
Introduction
Macrophages are derived from hematopoietic progenitor cells in the bone marrow that enter the circulation and become blood monocytes. Monocytes migrate into tissues to undergo final differentiation, with accompanying loss of proliferative capacity, into resident macrophages. Macrophages perform a multitude of functions essential for tissue remodeling, inflammation, and immunity, including phagocytosis, cytotoxicity, and secretion of a wide array of cytokines, growth factors, lysozymes, proteases, complementary components, coagulation factors, and prostaglandins [1] .
Chronic inflammation has been implicated in the initiation and promotion of various cancers [2] . Recruitment of leukocytes to a site of chronic inflammation triggers changes in the microenvironment that include production of reactive oxygen and nitrogen species, and the enrichment of cytokines and growth factors that may encourage proliferation of premalignant and malignant cells [3] . In the majority of malignant tumors, macrophages are a major component of the host leukocytic infiltrate. These tumorassociated macrophages (TAM) have been shown to be associated with poor prognosis in a variety of cancers, including breast cancer [4] [5] [6] [7] [8] [9] [10] [11] .
Although TAM are primarily derived from peripheral blood monocytes recruited into the tumor mass, there is also evidence of local proliferation of TAM. Proliferating macrophages, termed promacs, have been isolated from a variety of murine tumors [12] [13] [14] . In human lymphoma, promacs were defined by the expression of proliferating cell nuclear antigen (PCNA), a marker of proliferation [15] . PCNA has also been shown to be expressed in macrophages associated with glomerulonephritis [16] , atherosclerosis [17] , and AIDS-related dementia [18] .
In this study, we investigated the role of promacs in human breast cancer. We performed the initial study at the University of California, San Francisco (UCSF) and performed a validation study using a completely independent set of patients and an independent laboratory at the University of Chicago (U of C). We sought to correlate the presence of infiltrating promacs with clinicopathologic characteristics such as tumor size, grade, hormone status, lymph node metastasis, and subtype. We also wanted to determine whether promacs were associated with early recurrence and survival.
Materials and methods

Sample collection
University of California, San Francisco (discovery cohort)
One hundred and ten archived paraffin blocks (obtained between 1991 and 1994) were retrieved from the UCSF breast oncology program tumor bank with IRB approval. Pathologic characteristics including tumor stage, grade, lymph node involvement, and receptor status (ER, PR, and HER2/Neu) were obtained from the UCSF Cancer Registry Database. Samples were collected to acquire approximately equal numbers of grade 1, grade 2, and grade 3 tumors. Patient characteristics including age, and follow-up information (recurrence and mortality) were recorded.
University of Chicago (validation cohort)
Breast tumor blocks for tissue microarray (TMA) construction were obtained from the surgical pathology archive at the U of C with IRB approval. The validation cohort included 106 patients diagnosed with breast cancer at the U of C Medical Center between 1996 and 2004. Tumor size, grade, and lymph node metastasis were determined by pathologic examination. Pathologic features, including histological diagnosis and grade were evaluated separately, and tumor size, and axillary lymph node metastasis were abstracted from pathologic reports.
Tissue microarrays were constructed from formalinfixed, paraffin-embedded (FFPE) tumor samples and adjacent histological normal epithelium, which served as an internal positive control. Cores were precisely arrayed into a new recipient paraffin block using the automated tissue microarrayer ATA-27 (Beecher Instruments, Silver Spring, MD) with the method described by Kononen et al. [19] .
Immunohistochemistry
UCSF
Tissue immunohistochemistry was performed on FFPE tissue sections using a standard streptavidin-biotin peroxidase method (details in Supplementary Table 1) . 5-lm sections were deparaffinized in xylene and rehydrated using graded ethanol. Antigen retrieval was performed using microwave-heated 10 mM citrate buffer for 10 min. Double staining of CD68/PCNA was performed using dual endogenous enzyme block (Dako #3006) for 10 min, and incubation with anti-CD68 mouse monoclonal antibody (Dako #M0876, 1:50 dilution) for 30 min, followed by a second incubation with anti-PCNA mouse monoclonal antibody (Dako #M0879, 1:500 dilution) overnight. For anti-CD68, DAB plus (Dako #K1395) was used as a substrate, and for anti-PCNA, BCIP/NPT substrate (Dako #K0598) was used. The slides were counterstained with periodic acid Schiff reagent (American Master Tech Scientific #KTPAS) for 10 min at room temperature. Two pathologists independently evaluated the immunostains without knowledge of clinical outcomes or the results of previous immunostains. Slides were scanned at low power (209) to determine three ''hotspots'' of positive staining. Positive staining cells (brown CD8? cells with blue nuclear PCNA staining) were then counted in three highpower fields (HPF) (1009), and the mean number was calculated. Representative sections stained for promacs from grade 1, 2, and 3 tumors are shown in Fig. 1 .
U of C
TMA paraffin specimens were cut into 4-lm sections and mounted on positively charged slides. The slides were deparaffinized and rehydrated in xylene followed by graded alcohols, then washed in Tris-buffered saline. Immunohistochemical assays were performed using a DAKO immunostainer with antibodies and antigen unmasking as detailed in Supplementary Table 1 . Slides were incubated in 0.03% hydrogen peroxide for 5 min to block endogenous peroxidase activity, followed by incubation for 20 min in a protein-blocking solution (Protein Block Serum-free solution, DAKO Corp.) to reduce nonspecific background. Envision? reagents (DAKO) were used as a detection system. Slides were then treated for 5 min with 3-3 0 -diaminobenzidine chromogen, counterstained with hematoxylin, and coverslipped. Appropriate negative controls for the immunostaining were prepared by omitting the primary antibody step. The results of immunostainings were scored semi-quantitatively by two observers using Reiner's four-point scale based on intensity and percentage of IHC reaction [20] . EGFR and HER2 stainings were evaluated according to manufacturer's instructions (DAKO). For promacs, anti-CD68 antibody (DAKO, M0814) and anti-PCNA antibody (DAKO, M0879) were used for dual staining. Anti-PCNA was detected with Ferangi Blue Chromogen Kit (Biocare Medical, FB812S) without counterstaining ( Fig. 1) .
Consistent with previous publication [21] breast cancer subtypes were defined as luminal A (ER? and/or PR?, HER2-), luminal B (ER? and/or PR?, HER2?), basal-like (ER-, PR-, HER2-, CK5/6?, and/or EGFR?), HER2?/ ER-(HER2?, ER-, PR-), and unclassified (negative for all five markers).
Statistical analysis
Initially, two pathologists independently counted numbers of promacs in each tumor sample. The independent counts were averaged and used in further analyses. The R program maxstat was used to find an optimal cutpoint for promacs as a predictor of recurrence. We found, in the UCSF cohort, five promacs per HPF was the optimal cutpoint that provided a good separation of the time-to-recurrence curves (Fig. 2) . Then, we examined the relationship between promacs and clinico-pathologic variables using t test or Wilcoxon rank-sum test for continuous or ordinal variables (e.g., age, tumor size, grade, stage, etc.) and Fisher's exact test for categorical variables (e.g., ER).
Time-to-recurrence, overall survival, and recurrencefree survival rates were estimated using the Kaplan-Meier method, and the comparison between high promacs and low promacs was performed using the generalized Wilcoxon test for equality of survival function. The Wilcoxon test weights early events (death or recurrence) more than late events and thus is sensitive to early differences. Cox proportional hazard models were used to estimated hazard ratios and 95% confidence interval (CI). To examine whether promacs were an independent prognostic factor, we adjusted for age at diagnosis, ER status, histological grade, and tumor stage in multivariate Cox models. Separate analyses were conducted for each study cohort, and then a pooled analysis was conducted, in which the study indicator variable was adjusted for.
Results
Patient characteristics
There were 110 breast cancer patients from UCSF (the discovery cohort), and 106 patients from U of C (the validation cohort) included in this study. The age distribution (mean ± SD) was similar between the two cohorts (55.5 ± 14.2 years and 56.0 ± 15.7 years, respectively).
The proportion of patients with lymph node metastatic tumors was also similar between the discovery (40%) and validation cohort (49%). There were significantly more low-grade tumors in the discovery cohort (30%) than in the validation cohort (4%), most likely due to the selection of equal numbers of cases across all the three grades in the UCSF cohort. The tumors were larger in the validation cohort (median 2.9 cm) than in the discovery cohort (2 cm). Finally, patients in the discovery cohort were more likely to have HER2j tumors, whereas patients in the validation cohort were more likely to have hormone receptor positive tumors (details see Table 1 ).
Immunohistochemical identification of proliferating macrophages
Breast cancer tissue sections were examined for the presence of promacs by double-staining with anti-CD68 (a macrophage marker) and anti-PCNA (a marker of proliferation). Promacs were enumerated as described above and concordance of promac counts per high-power field (HPF) between two pathologists was high at a j of 0.87. Figure 1 shows representative stained sections from grade 1, 2, and 3 tumors from the discovery cohort (panels a, b, and c, respectively) and a representative stained section from the validation cohort (panel d). Background differences are due to the differences in counterstains, periodic acid Schiff and hematoxylin, at UCSF and U of C, respectively. There was no significant difference in the number of promacs between the two cohorts (P = 0.20).
Promacs and clinical characteristics
For our initial analysis on the discovery cohort, we used time to recurrence as an endpoint to evaluate whether promac numbers were associated with early recurrence. Cases were dichotomized into high or low promacs at various cutpoints (number of promacs per HPF) to find an optimal value. As shown in Fig. 2 , dichotomizing cases into \5 and C5 promacs per HPF yielded an optimal and significant (P = 0.0199) separation of cases based on time to recurrence. Patients with high promac counts recurred earlier compared to those with low counts. Promac counts were dichotomized into low (\5 promacs per HPF) or high (C5 promacs per HPF) in the subsequent presentation for better clinical interpretation.
As shown in Table 1 , a high level of promacs was associated with approximately 6-year earlier onset of breast cancer in both cohorts (pooled analysis: P = 0.003). High promacs were also positively correlated with histological grade in both cohorts (Fig. 3a) as well as in the pooled cohort (pooled analysis: P \ 0.0001). In addition, in both cohorts, hormone receptor negative tumors were associated with higher promac counts (Fig. 3b and c) . This association between hormone receptor status and promacs was also significant in the pooled cohort (P \ 0.0001 for estrogen receptor; P = 0.002 for progesterone receptor). Neither lymph node involvement, tumor size, AJCC stage, nor HER2 status was correlated with promacs in either cohort. In the validation cohort, we also assessed breast cancer subtypes (determined by IHC) in relation to proliferating macrophages and found that promacs were over-represented in basal-like and HER2?/ER-tumors.
Promacs and clinical outcomes
After a median follow-up of about 9 years in both cohorts, 28 breast cancer patients in the discovery cohort and 52 in the validation cohort died. There were 19 survivors with recurrent disease. As depicted in Fig. 4 , the recurrence-free (12) 5 (10) 6 (15) 12 (20) 4 1 (2) 1 (2) 1 (2) survival rate was lower in patients with high promacs in both cohorts. The unadjusted hazard ratio comparing high with low promacs was very similar between the two cohorts, though both were marginally significant ( Table 2 ). The pooled hazard ratio for recurrence-free survival and promacs was statistically significant (P = 0.034). After adjusting for age, estrogen receptor status, grade, stage, and study cohort, high promac level was associated with 45% increased risk of recurrence/death, though the association was not statistically significant. Similarly, high promacs were associated with worse overall survival in both cohorts (Fig. 4c, d ). In the univariate analysis, the strength of association was similar between the two cohorts though only marginally significant and reached statistically significant levels in the pooled samples (P = 0.015). After adjusting for age, estrogen receptor status, grade, stage, and study cohort, high promacs were associated with 75% increased risk of death (P = 0.048).
Discussion
In this study, we examined the role of CD68?/PCNA? proliferating macrophages (promacs) in breast cancer. These experiments were carried out at two independent institutions and laboratories (the UCSF and the U of C) using two independent cohorts of patients with breast cancer. We found increased numbers of infiltrating promacs were significantly associated with high grade, hormone receptor negative tumors in both cohorts. There was no correlation between promacs and tumor size, stage, or the number of the involved lymph nodes. From the U of C study, tissue cores with very high number of promacs were disproportionately represented in the basal subtype, as well as the HER2?/ER-subtype. Using the UCSF cohort as a discovery set, we found that at a cutpoint of five promacs per HPF, there was a significant difference in time-to-progression between patients with high vs. low promac infiltration. Using this cutpoint in both cohorts, a trend (albeit not significant) was observed between higher number of promacs and poor relapse-free survival. We also observed trends between high promacs and poor overall survival in both cohorts, and this was significant in the pooled cohort analysis even after adjusting for age, estrogen receptor status, histological grade, and tumor stage.
Solid tumors are infiltrated with leukocytes (predominately lymphocytes and macrophages) and the cross-talk between these cells and the cancer cells are likely to have profound effects on tumor progression. The presence of tumor-associated macrophages (TAM) represents one of the hallmarks of cancer-associated inflammation. TAM produce a variety of cytokines and chemokines, as well as growth factors for both epithelial and endothelial cells, which play a vital role in tumor growth and metastasis [2, 22] .
TAM have been identified as a major negative prognostic indicator on clinical outcome in patients with lymphoma and breast cancer [5-7, 10, 11] . In addition, CD68? macrophages have been shown to be strongly associated with high grade ductal carcinoma in situ (DCIS) breast cancer and associated comedonecrosis. In particular, increased size and density of DCIS lesions, and clumped appearance on MRI enhancement correlated with greater numbers of CD68? macrophages [23] .
Normally, tissue macrophages derived from circulating blood monocytes lose their proliferative capacity. However, local proliferation of TAM has been observed in some cancers. Proliferating TAM have been isolated from mouse mammary tumors, melanoma, and lung carcinoma [13, 14] as well as methylcholanthrene-induced sarcomas in C57BL/6 J mice [12] . Human lymphoma-associated macrophages have been shown to express the proliferationassociated marker PCNA [15] . PCNA has also been shown to be expressed in macrophages associated with other diseases [16] [17] [18] .
Early recurrence is a harbinger for poor survival. A characteristic feature of triple negative cancers and HER2?/hormone receptor negative cancers is that the risk of recurrence is in the first 5 years (ASCO poster Esserman et al. 2010, manuscript submitted). Promacs are most commonly present in these tumor types; thus, it is not surprising that tumors with a high level of proliferating macrophages have a higher risk for early recurrence.
We have demonstrated the presence of PCNA? macrophages (promacs) in breast cancer and examined their association with various clinical parameters. These findings, corroborated at two independent institutions, suggest that the presence of promacs may serve as a prognostic indicator for poor outcome. Perhaps more importantly, these cells may serve as a potential cellular target for novel therapeutic interventions. Owing to their multifaceted role in tumor progression, macrophages offer a variety of therapeutic targets including inhibition of their recruitment, activation, and/or survival at the tumor site, reversal of their polarization/immune suppression activity, and inhibition of their angiogenic and matrix remodeling activities. 
